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Abstract

Observations regarding rotating cavitation and

cavitation surge experienced during the

development of the Fastrac engine turbopumo are
:_scussed. Detailed observations acquired from

"e analvs_s of both water flow ana hau_a oxygen

•es[ data are offered ;n tins paper. Scaling and

:eneral comparison of rotating cawtation oe[ween

.vater flow and liquid oxygen testing are
:_scussed. Complex data features hnking :he

ocauzea rotating cavitation mechanism of the

naucer to system surge components are
Jescnoea_naetad. Finallyaaescnotlono. Ta

_,reDed-parameter nvorauilc system model
.',eveloDea to petter understand ooserved data ,s

,jwen.

Nomenclature

4vnchronous oscillation

)[at_ng caw[a[_on oscIilat;on

C
K

,_,S

dimensional pump comphance
dimensionless pump compliance

,limens_onal mass flow gain factor

:_menslonless mass flow qa_n !actor

-oct:on soec_fic speed

nlet tip flow coefficient
:ntet cawtat_on number

knducer tip cawtation numoer

stage head coefficient

_ qtroductlon

Ounng the development of the nigh speed

: ,,rooDump for the 60.000 pound thrust Fastrac

-ocket engine, comotex unsteady flow and shaft

vibration due to rotating cavitation have been

observed. The bipropellant pump (Figure 1) with

both a single-stage LOX (shown with axial inlet)
and RP inducer-impeller sharing the same drive
shaft exhibits independent cavitation induced

suDer-syncnronous oscdlat=ons concurrently during
_om_nat ooera[_on.

Figure I Fastrac Turbooumc Assemloly

This cocumem attempts to summarize malor

oPservat=ons regarding the Fastrac LOX

turbopump rotating cavitation anomaly and relay
them to a turbomachinery community that must

frequently contend with hydraulic system
nstabdities induced by cawtat_ng pumps.

_bservat=ons nave been denvea from LOX Dump

super-scale model water flow tesnng and

Iurbopumo component level hotfire test.
Characterization and abatement of the cavitation

instability continue to be critical issues in the

development and certification of the Fastrac

engine due to leading edge blade deformations
found in both the initial aluminum water flow test

article and subsequently in a component level test

_nducer. Figures 2 and 3 show the damaged

leading edge regions =n the water flow aluminum
and the LQX K-Monel inducers respectively.
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latitudeofferedbythewaterrigtestinghasbeen
crucialto thecharacterizationoftheoscillation.

Figure 2. Failed Aluminum Inducer

Ziaure j. LOX reducer w_th Shgt_t Leading Edge
ugeformatlon

Unsteaav t!ow anatys_s of the Fastrac engine
_OX t-ruooum_ "as benented from multtDie

;ources or exDer;mental,,test data of the complex

nslaOmt'v. Water flow r,.g testing of the LOX DumP.
q_tlated '.o exDer mentally veniv suction

:.:ertormance. has Drowded valuaute mstglqt _nto

:,_e anomaly ana Produced the hrst ewdence of the

seventy of the rotating cawtation w_th the failure of

the original alumtnum superscale LOX
nducer-_mDeiler Figure 4 is a !o_nt
• me-freauencv "'aoo_na or ',he oscfllatEon taken
'ore ','rater r!ow :es: or :_'e LC'X ncucer at me

-ated flow cona_t:on _o = 0135) and a shaft soeea

Jr 5000 RPM.

The _nducer :niet fluctuating pressure data

shows the development of the rotating cavitation

oscillation, denoted as "rc" in the figure, during an

,nlet oressure ramo test (suction oressure
;ecrease going :."to oage) at constant
".ow-[o-soeed rat_o. In-deDth discusston of the

sDectrat trending ,,wtl be offered Jn subsequent
sect_onsofth_scverwew TheexDenmental

Figure 4 Waterfall Plot of Inducer Inlet
Ciuctuatlng Pressure from Water Flow Test

Several of the features of the Fastrac

turDopump rotating cawtat_on have been
documented by many researchers tnvolved in the

development of other high speea rocket engine

turbomachmery. : _ Tsuiimoto. et al.. provided an
excellent ovew_ew of inducer rotating disturbances

encountered dunng the aeverooment of the LE-7
LOXturbopumD. Amafontvofthesoectral

comoonents shown _n Figure 4 have counterparts
described _n the LE-7 cawtatLon oscillation

overview.

Rotat_na cawtat_on has 3roven to be more

:,_an JUSt a nuisance to the Fastrac engine

development 0rogram. Atong with deforming
inducer leading edges, pumt3 cawtation nas

hampered characterization of the turbopump
vibration environment due to saturation of

accelerometers and s_gnal conditioning. Excitation
of both LOX and RP feea-svstem nvarauiic modes

3y the active _naucers nas a_so complicated

engine calibration efforts by n_ndenng accurate
propetlam flow measurement.

II. Rotatinq Cavitation and Cavitation Surge Data
Observations

Rotatinq Cawtat_on

As noted Drewously, wa,er flow testing offered

several expenmemal o0oonun_t_es not available in
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theLOXenvironment.This included the

accessibility of high frequency instrumentation
locations and the ability to easily manipulate pump

inlet hydrodynamic condition, i.e. Nss (suction

specific speed) and o, in the water flow loop

(Figure 5). Flush mounted fluctuating pressures at
the inducer inlet plane approximately 0.3 inducer
diameters upstream of the blade leading edge

(instrumentation plane 1000, Figure 5) were used
to establish the rotational character of the
oscillations shown in the joint time-frequency plot

of Figure 4. Hannover plotting of inducer inlet
fluctuating pressure relative phase information
was used in determining cell number and

propagation direction of the major spectral

components.'

/

Y- "__','7"" -" ....

__.

_igure 5. MSFC inducer Test Loeb and Fastrac LOX Inducer ,_,fodel

&s exoected, the beaks denoted as '3N" and

N", are three and s_ngle cell disturbances.

,esDectwely. Cross-cnanne_ phasing at the
,nducer _nlet Diane confirm their IODK-_nt_n a
rotational sense) to the three-blaaea inducer. The

beak denoted as rc _n Figure 4. is a one-celled
disturbance propagating rn a forward direction, _e,
n the same a_rect_on as the rotor, at a slightly

suber-synchronous rate. No s_gnfficant loss _n

:]ump_ng efficiency was noted tn water flow suction
oerformance mappings untd the appearance or the

synchronous oscillation. N, where stage head
coefficient, _, dropped approximately 2 percent
from the non-cavitated (< 15000 Nss) water flow

value of 0.40.

The beak denoted as 'fl" _n Figure 4 _s

:tqougnt to oe a rotating disturbance of htgn cetl
count related to bacKflow vortices. Phasing

suggests that the low amplitude oscdlation is an

e_ght-cell disturbance with a propagation velocity
of approximately 0.32N. The cell train propagation

rate and high cell count compare well to rotating
bacKflow disturbances characterized _n
Reference 3. However. _ntet plane phase mapping

,vas not of h_gh enough fide!ity to confirm

propagation d_rect_on ano the n_gn ce, count of fl.

Figure 6 shows both normauzee treauency
and amplitude of 3N, rc, ana N versus Nss at the
90% rated flow condition from both water flow and

LOX testing. Comoanson at this slightlv
off-nom_nal flow condition was selected s_nce a

malonty of the LOX test data was acau_red at the
90°'0 rated flow, In the figure, c_osea SVmDOIS

denote normalized water data while the {arger

open symbolS represent LOX. The frequency of
the rotating cavitation component, rc, is
normalized by synchronous frequency while all

amplitudes are scaled by imoeller tip dynamic

pressure. Normalized freauencv for rc ranges
'tom !.1 to 1.25 ana the decreasing trend w_th Nss

compares well between LOX and water test.
L_kewise, there _sgood comparison between
normalized amplitudes of the rc and N

components as well as the critical Nss at which rc
transitions into the synchronous response. A
normalized 3N amplitude is not shown for LOX

since the turbooump acauired no appreciable

steady-state operation at tow Nss. _.e. _ess than
12 kNss.
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Normalized Frequency and Amplitude ot Ma/or Fastrac LOX Inducer Oscillations from Both

LOX and Water Testing

Cavitation Surqe

Ounng water flow testing of tlqe suoersca:e
Fastrac LOX _nducer model, strong pumo-fac_Etv

couphng was experienced. Figure 7 is a waterfall
plot of an upstream (approximately 15 _nle[
diameters from inducer) unsteady pressure.

Amplitude scale _s equivalent to that of the _nclucer

qlet waterfall plot of Figure 4. Thedom_nan[

3scdlahons registered at this upstream location are
_(rc - N_ and the com0onent denoted as !2".

Further analys_s into phasing and the n_gn

frequency content of measured fluctuaung

pressure both at the inducer inlet plane and
elsewhere in the water flow loop revealed

nterest_ng attnbutes of the 3(rc - N_ component.

Figure 8 _s a senes of waveforms (0 - "0 kHz
3andw_dtn) across several locaUons over

15 cycles of 3(rc- N). In sequence from too to

0ottom are upstream fluctuating pressure, inlet

fluctuating pressure, inlet fluctuating pressure at
an alternate circumferential location, and finally

radial acceleration measured on the Dump

housing. Clearly, the dominance of the 3(rc - N)

n the upstream pressure _s shown. Likewise the

complexity of the nonlinear interact,on between
the rotating cawtation component and the

synchronous rate _s very evident in the two _nc_ucer

nlet 0ressures.

While the rotation-induced delay of the higher

!requency rotating cawtation wavelet is easy to
u_scern between the two rnlet pressures, the

Jnderlying 3(rc - N_ wave aopears to be _n phase.
The _nducer _nlet plane _ransfer function of

Figure 9 confirms this unique phasing at the

'requency of 3(rc - N). Relatwe phase at the
_scdlation frequency _s zero w=[iq a coherence of

•_early unity. Similar phasing and coherence for
2frc - N/were shown w_tn the alternate _nducer

nlet cross-channel pa_r.

Before discussing possible physical

implications of the complex component 3(rc - N),
some observations on the transient envelooe of

:he monitored fluctuating pressures are now

)fferecl. Figure 10 dis_vavs a n_gh-pass filtered

version of Figure 8. The data were high-pass
filtered at 2 kHz to safely exclude rc and

synchronous activity. Qf interest in this series of
filtered waveforms is the obvious synchronization

of wideband bursts at the rate of 3(rc - N) across

all fluctuating pressures and monitored pump
wbrat=on. Envelope spectral analysis of these

waveforms has confirme_ this synchronization.
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Figure 7. Waterfall Plot of Upstream Fluctuating
Pressure from Water Flow Test

3 upstream
., -.... ....

.3 nclucer inlet (1) .-
-' .'L.

s _nducerthief 12):

. !
• 3_Kal acceleration

at pump flange .
• , .%.

Figure 8. Multiple Location Pressure and
/_brat_on Waveforms Dunng Rotating Cawtat_on

Over 15 Cycles of 3(rc - N)

3(rc - N)

li °
_ r

° " " i

"--- Figure 9. Inducer Iniet Pressure

Cross-Channel Coherence, Phase, and Gain

During Rotating Cawtation

p' upstream

p" inducer intet (1)

S. I

p'inducerinlet(2)-'_ ! i

,l

radial acceleration.-,atpumpflange -- i i _ _ _ :!=I =: : = ; _ :; j

Figure 10. Multiple Location Filtered Pressure and
Vibration Waveforms During Rotating Cavitation

Over 15 Cycles of 3(rc - IV)

The unique phasing is thought to reflect the

complex physical relationship between the
Iocalized inducer rotating cavitation disturbance

and the more global cavitation surge _nstability. A

component similar to the 3(rc - N) has been
documented by Tsujimoto and fellow researchers. _

In their effort, a cavitation surge mode was
,dentffied at a frequency corresponding to (rc - N).

The frequency variation of their cawtat_on surge at
.hmes lost correlation with those of the rc and N

components• In Fastrac LOX inducer ,,,,ater flow

testing, correlation of the cavitation surge mode at
3(rc - N) with the rotating cavitation and

synchronous components was maintained.

: _ , .. 3(rc-N)
'_ _. =

,@,_'v,_,,z_^,,_ .,-,4.. ,_. ,,

Figure 11. Instantaneous Frequency Correlation
of Cavitation Surge with Rotating Cavitation and

Synchronous - Water Flow

Figure 11 overlays the normalized
instantaneous frequency variation of a composite

3(rc - N), developed from those of the rotating

cavitation and synchronous components, with that
of the actual cavitation surge component. Along

5
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withtheoverlay are displayed the variations

(normalized by mean frequency over the entire
record) of the rc and N components used in the

construction of the composite 3(rc - N).

Generalized Hypercoherence processing was

used to develop the micro-frequency variations

shown in Figure 11. s The commercially-available

signal processing package PC Signal, offered by
AI Signal Research, provided the powerful

diagnostic technique. The convincing match of the
actual and reconstructed instantaneous

frequencies of the cavitation surge oscillation

indicates a high degree of synchronization
between the rotating cavitation and the cavitation

surge evident in the water flow circuit.

Instantaneous frequency analysis was not

necessary in making this same assessment in the
LOX environment. Figure 12 is a waterfall plot of

inducer inlet pressure taken from the last hotfire of

the slightly deformed hardware shown in Figure 3.
The frequency ax_s has been scaled to facilitate

comparison of water flow data with that of the

LOX. During the first portion of the test, the LOX

pump ex0erienced an excursion into rotating
cavitation (start +52 through 55 seconds). The

LOX pumo was operating at 88% of rated flow
dunng the transient and traversed the critical Nss

"eg_on of t_qe rotating - synchronous cavitation

ooundaryiFigure6,-16kNss). If the
suosyncnronous component were locked _nto a

frequency variation corresponding to 3(rc - N/, it
'would be a m_rror image of the (3N - rc)

component about the rotating cavltatton frequency
trace. The subsyncnronous component does not

'otlow trllS vanation during this excursion.
However. this frequency correlation between the

subsynchronous component and the synchronous
and rotating cavitation disturbances increases
toward the end of the transient. This varying

degree of correlation, similar to that documented
q the LE-T exoenmental effort. =s thought to

-eoresent a reduced synchronization oetween me

ocallzea _nducer disturbance (rotatnng cawtat_on)

and the overall hydraulic system (via the

suspected cavitation surge mode). Envelope

analysis of both inducer inlet unsteady pressure

and pump housing vibration from LOX testing also
exhibited a well-defined periodicity at the

subsyncnronous frequency.

a,,,,m _ ==: _ • ,i _lmmmAu, mm

-3(rc - N)

Figure 12. Water Plot of Inlet Fluctuating
Pressure from Fastrac Turbopump Hotfire

The spectral component labelled as f2 in

Figure 4 showed little dependence on Nss and ¢ in
water flow test. The frequency decreased slightly

from 4 Hz w_th increasing Nss. While the 3(rc - N)

mode appeared to be most active in the vicinity of
the inducer, the f2 mode was much more

distributed across the water flow loop.

II1. Hyarautic System Stability Analysis

r3,nalytlc Model Overwew

In an attempt to better understand observed

'system couplings" between tr'e water flow LOX
:nducer and test facility, a lumoed parameter
model of the MSFC Inducer Test Loop was

develo0ed. The analytic model is 0urely hydraulic

Fnthat no structural participation _s considered.

The model is composed of s=m01e inertance,
resistance, and compliance elements as well as

additional terms specific to the pump component.
These terms include the mass storage term due to

variation in o, or mass flow gain factor, and a

9UmD Pressure gain factor. -he loumo was
modeled w_th two cnaractensuc equations
consistent with the method of Oppenneim and

Rubin used in their Pogo stability analysis of liquid

rocket engines. ' Even though the the selected

pump representation could be viewed as Umited in

light of the four-terminal pump dynamic transfer
function experimental efforts performed at the

California Institute of Technology, the treatment
was felt sufficient for a first-oraer analysis of water

flow system stability. _
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Thecompleted model consisted of

60 elements, which included lines, purely resistive

losses (e.g. valves), accumulators, and the pump.

The modeling of the hydraulic lines was consistent
with that of Reference 7. Wave speed reduction

due to fluid air content and pipe wall compliance

were considered and incorporated into the line

elements. Pump gain and resistance were
developed from steady pump performance
characterizations of the inducer-impeller in water,

while pump inertance was estimated using an
empirical equation from Fenwick. _

A strategy for setting pump compliance and

mass flow gain factor in the analytic model was
developed prior to anchoring the model to test
data. First, dimensionless mass flow gain factor,

M, was set by inlet cavitation number, a, and an
assumed dimensionless pump compliance, K.

using the recently published onset condition for

both cavitation surge and rotating cavitation
developed by Tsuiimoto, Kamljo, and Brennen.
M and K were converted to their dimensional

forms, M" and C, respectively, in a manner

consistent with scaling employed by California

Institute of Technology researchers in their

experimental determination of four-terminal our'no
_3vnam=c transfer functions.

An _nmal estimate of K made using a maDDing

of an es[_mated K and M versus inducer up

cawtation number, _, published by Brennen and

Acosta for the Rocketdyne J2 LOX turbobum0.

Even tlqough the parameters were anchored to

tnlet perturbation testing where fluctuating mass

flows were neglected, the normalized mass
storage terms were deemed valuable because the
J2 LOX turbopump was known to exhibit a strong

supersynchronous oscillation thought to be
rotating cavitation. _'2 The current shrouded
,version of the J2 LOX turbopump integrated with

the Rocketdvne XRS-2000 Aeroso_ke engine also

_xn_b_ts rotating cawtahon a_ong w_th (rc - N).

The expenmental data attribute which drove

analytic model adjustment of K (and subsequently

M) was variation of the 3(rc - N) frequency
observed with water flow suction pressure

ramping. Figure 13 shows the reference
frequency tracking taken from water flow test

along with the last iteration of K(_.) and M(_.).

K

M

3(re - N) 3(r¢ - N)

, _ ,- 5o 3(rc - N) fie(

5 . K, "''" _-,o {Hz}
4_ +30

24

_! lira ...-'J.,,_ lO

0 , 0

004 006 0.06 O, 1 0 12 0 14 016

Figure 13. K and M Estimates versus at, Based
on Observed Frequency Variation of 3(rc - N)

System Stability Model Results

A characteristic root of the system model with

the pressure mode shape shown in Figure 14 was
chosen to anchor K and M selection since it best

matched observed amplitude distribution of the

cavitation surge. Test data and audible
observation showed the cavitation surge to be

strongest in the vicinity of the inducer. The
pressure mode, normalized by pump inlet

pressure response, is plotted versus model
element with flow direction going from left to right.
Predicted critical damping for the mode ranged
from -0.20 at 12 kNss to -0.52 at 26 kNss.

Figure 13 also shows the freduency vanation of

the preOicted mode versus _.. Interestingly, the
most unstable modes predicted by the model

consistently showed a mode shaoe s_milar to that

of Figure 14, i.e. peak fluctuating pressure (and
flow) at the inducer leading edge.

a_mum m_m m W m_ ma_m_ _o

°l f t '

_JLm_

,_:$.

&
20S_-

'3 i

o.l ]

2"0 _0 _0 _0 '00 'Z_

Figure 14. Predicted Mode Shape - Inducer
L ocalized Instability
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IV. Concludinq Remarks

Fastrac LOX inducer rotating cavitation shares

many of the complex features observed in other

rocket engine turbomachines which have exhibited
the same phenomenon.

The successful scaling of the oscillation between
the water and LOX environments is encouraging.

The unique interaction between rotating cavitation
and cavitation surge at the inducer inlet warrants

further investigation. A better understanding of the

flow features which induce such complex dynamic

signatures will most likely enable the design of
very high suction performance rocket
turbomachines in the future.

The abundance of pump element assumptions

made in the stability modeling attempt reflects the
need for continuation of four-terminal.

experimentally-derived, pump dynamic transfer

functions as pioneered by California Institute of
Technology researchers in the 1970's. The

severity of the cavitation-surge related damage to
the Fastrac LOX inducer reinforces this need.
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